This paper presents a review of electrothermal micro-actuators and applications. Electrothermal micro-actuators have been a significant research interest over the last two decades, and many different designs and applications have been investigated. The electrothermal actuation method offers several advantages when compared with the other types of actuation approaches based on electrostatic and piezoelectric principles. The electrothermal method offers flexibility in the choice of materials, low-cost fabrication, and large displacement capabilities. The three main configurations of electrothermal actuators are discussed: hot-and-cold-arm, chevron, and bimorph types as well as a few other unconventional actuation approaches. Within each type, trends are outlined from the basic concept and design modifications to applications which have been investigated in order to enhance the performance or to overcome the limitations of the previous designs. It provides a grasp of the actuation methodology, design, and fabrication, and the related performance and applications in cell manipulation, micro assembly, and mechanical testing of nanomaterials, Radio Frequency (RF) switches, and optical Micro-Electro-Mechanical Systems (MEMS). 2 of 28 devices and implemented in the same fabrication flow. Sensory feedback for controlled operation is also used.
Introduction
The trend of rapid miniaturization in the last two decades or so has led to remarkable progress in the field of micro-electro-mechanical systems (MEMS). The MEMS devices, in comparison with the complex and bulky alternatives, can offer superior performance with low power consumption, small size, low cost, fast operation, flexibility of design, and easy integration with on-chip electronics [1, 2] . One of the key aspects of MEMS design is the choice of actuation methods. Currently, five major types of actuators are widely used in MEMS [1, 3] : electrothermal, electrostatic, piezoelectric, electromagnetic, and shape memory alloy (SMA) based actuators. The scope of the present review is electrothermal actuators and their applications. Electrothermal actuation is based on a balance between the thermal energy generated by an electrical current and the heat dissipation through the environment or the substrate. The three conventional types of electrothermal actuators discussed in this review are hot-and-cold-arm, chevron, and bimorph designs. For operation, the hot-and-cold-arm actuator utilizes the asymmetric thermal expansion of its parts. The chevron actuators use the total thermal expansion which is constrained in one direction. On the other hand, the bimorph actuator relies on the difference in coefficients of thermal expansion (CTE) of the structural materials.
The development of miniaturized actuators became possible with the advances in deep X-ray lithography, LIGA (German acronym for lithography, electroplating, and molding) and deep reactive ion etching (DRIE) techniques, which allowed fabrication of devices with the required high aspect ratio. Electrothermal actuators require relatively easy fabrication processes, compatible with the standard Integrated Circuits (IC) and MEMS manufacturing methods. Most of the actuators are operated in the standard IC voltage range, therefore, the electrothermal actuators can be easily integrated with the IC Figure 1 . U-shaped hot-and-cold-arm actuator: (a) principle; (b) steady-state temperature profile along the actuator [16] .
In the given example, the difference in heating in the two arms was induced due to the different cross-sections of the structure. The narrow (hot) arm with a smaller cross-section possesses a larger electrical resistance. Therefore a higher temperature is produced and consequently a larger thermal expansion. In contrast, the wider (cold) arm has lower resistance, and additionally, the heat is dissipated through the larger surface. The flexure beam at the base of the cold arm facilitates the bending deflection. The concept of this electrothermally driven lateral actuator was introduced in the work by Guckel et al. in 1992 [17] , this configuration is sometimes called "Guckel's actuator". Subsequently, analytical models of heat transfer and the deflection mechanism of the U-shaped electrothermal actuator have been reported in the literature. Static and transient thermal behaviors have also been investigated [18, 19] . A rectangular electrothermal actuator can be represented as a series of three beams with different heat transfer characteristics. The steady-state temperature profile along the structure shows that the peak temperature is in the hot arm region, as illustrated in Figure 1b . However, some thermal expansion also occurs in the cold arm and the flexure, reducing the net expansion. Resistive heating in the material and the losses due to conduction to the substrate have a major effect for actuation [20] , the heat conduction to the surroundings (air) also has an impact and should be considered [16] . Radiation losses might come into effect at very high temperatures, however, they are usually negligible (about 3 orders of magnitude lower than thermal conduction).
The actuator deflection is a function of the key geometrical parameters. The total actuator length contributes the most to the displacement. The deflection has a nonlinear dependence on the ratio between the lengths of the hot and cold arms, and on the width of the cold arm [16, 20, 21] . The optimal flexure size was found to be approximately 14%-18% of the total arm length. The size of the gap between arms also has an influence, a larger displacement can be achieved with a smaller gap [20] .
A comprehensive analytical model developed in [20] uses a method from structural engineering to analyze the bending deflection of the U-shape actuator. An analytical expression for a common case was derived in [16] based on the axial and bending energy of the system. A few assumptions were made for simplification: a) The cold arm is considered to be stiff, therefore, its expansion and bending is neglected, and b) the hot arm and the flexure have equal cross-section area, A, and equal In the given example, the difference in heating in the two arms was induced due to the different cross-sections of the structure. The narrow (hot) arm with a smaller cross-section possesses a larger electrical resistance. Therefore a higher temperature is produced and consequently a larger thermal expansion. In contrast, the wider (cold) arm has lower resistance, and additionally, the heat is dissipated through the larger surface. The flexure beam at the base of the cold arm facilitates the bending deflection. The concept of this electrothermally driven lateral actuator was introduced in the work by Guckel et al. in 1992 [17] , this configuration is sometimes called "Guckel's actuator". Subsequently, analytical models of heat transfer and the deflection mechanism of the U-shaped electrothermal actuator have been reported in the literature. Static and transient thermal behaviors have also been investigated [18, 19] . A rectangular electrothermal actuator can be represented as a series of three beams with different heat transfer characteristics. The steady-state temperature profile along the structure shows that the peak temperature is in the hot arm region, as illustrated in Figure 1b . However, some thermal expansion also occurs in the cold arm and the flexure, reducing the net expansion. Resistive heating in the material and the losses due to conduction to the substrate have a major effect for actuation [20] , the heat conduction to the surroundings (air) also has an impact and should be considered [16] . Radiation losses might come into effect at very high temperatures, however, they are usually negligible (about 3 orders of magnitude lower than thermal conduction).
A comprehensive analytical model developed in [20] uses a method from structural engineering to analyze the bending deflection of the U-shape actuator. An analytical expression for a common case was derived in [16] based on the axial and bending energy of the system. A few assumptions were made for simplification: (a) The cold arm is considered to be stiff, therefore, its expansion and bending is neglected, and (b) the hot arm and the flexure have equal cross-section area, A, and equal moment of inertia, I, as it is commonly the case in practice. Thus, the lateral deflection of the tip of a standard U-shape actuator can be expressed as [16] :
where a is the ratio of the flexure length to the hot arm length, r is the center to center spacing between the hot arm and the flexure, α is the coefficient of thermal expansion, ∆T net is the net temperature difference, L is the length of the actuator, and A and I are the cross-section area and the moment of inertia of the hot arm (flexure) respectively. For the last two decades, the hot-and-cold-arm approach gained a great interest in the field of MEMS, the "Guckel's actuator" has undergone various modifications. However, asymmetric thermal elongation can appear not only due to the different widths of the actuator arms. It has been shown that the asymmetry can be conditioned by the difference in the arm length [22] , the electrical current distribution [23, 24] , the doping level and hence the resistivity [23] , and the external heater element (for instance, in polymer devices). Some of these strategies were described together in [15] and briefly outlined here. In the actuator with different arm lengths, the long beam is the hot arm, because it has a larger resistance and more heat is generated across this region. As a result, a larger expansion is produced in the long arm firstly due to the higher temperature, and secondly due to the larger total elongation of the long beam with respect to the short beam. Therefore, the actuation principle exhibits double benefits.
The concept of electro-thermo-compliant (ETC) actuation was introduced in [23, 25] . In parallel electrical connection of two arms, the wider beam with a smaller resistance draws a larger current. Hence, the wider arm dissipates more power and performs as the "hot" arm. Another method is to decrease the resistance of the cold arm. Higher doping level introduced in one arm decreases its resistivity significantly, therefore, in series connection more heat is generated in the undoped arm [23] . Modification of resistivity was also attempted in [21, 26] by depositing an additional layer of metal on top of the cold beam which conducts the heat effectively.
A significant increase in efficiency is achieved by adding another hot arm to the actuator [27, 28] . In the three-beam actuator the electrical current runs only across the inner and outer hot arms. Resistive heating in the cold arm is excluded, only the parasitic effect of heat conducted through the arm towards the substrate could take place. Some negative effects might be noticed at high temperatures-unwanted touching of the hot beams and back-bending upon relaxation. Both phenomena lead to permanent plastic deformation, therefore, the actuation temperatures should be limited.
Applications of Hot-And-Cold-Arm Actuators

Actuators with Conventional and Modified Shapes
The electrothermal actuators have been widely studied for MEMS applications. The main application is in the field of micro-and nano-manipulation. Such tools as microgrippers and micro positioners are used for micro assembly, biological cell manipulation, and material characterization. Due to the increasing trend of miniaturization, requirements for performance and precision of these systems are constantly pushed to be higher. The research activities in micro positioners, micromanipulation, and micro assembly, have been reviewed in literature in [29, 30] and [31] [32] [33] [34] respectively.
A microgripper is an efficient tool for pick-and-place of individual particles or bio-cells [12] . The microgripper can be used as an end-effector in a robotic system, providing an automated operation. The electrothermally actuated grippers require driving voltages only in the range of several volts to produce a large output displacement, unlike electrostatic grippers which need tens to hundreds of volts and complex processing circuitry [1, 3] . Also, they are easily controlled and do not require costly fabrication procedures or special materials, unlike the piezoelectric actuators.
A variety of microgripper designs investigated in the literature utilize the hot-and-cold-arm actuation approach. These structures illustrate different strategies and modifications of the actuator which are intended to enhance performance and overcome the limitations of previous designs. Some applications are shown in Figure 2 . which are intended to enhance performance and overcome the limitations of previous designs. Some applications are shown in Figure 2 .
Figure 2.
Applications of hot-and-cold-arm actuators: (a) microgripper [35] ; (b) microgripper [36] ; (c) switch matrix for wireless communications [37] .
The following configurations of the arms have been reported:
• Different arm widths: The traditional U-shape actuator with different widths of the arms were used in the microgripper [4, 38] . As the structural material (SU-8) is non-conductive, an integrated metal heater structure was configured from a layer of metal deposited on the surface. The long extruded arms amplify the driving displacement effectively; • Different arm lengths: A polysilicon microgripper based on the different arm length principle was developed in [22] ; • Electro-thermo-compliant actuator: Embedded ETC actuation was demonstrated in microgrippers and a micromanipulator [23] . Other ETC structures, such as lateral motion blocks, translational expansion, and contraction blocks, were also presented in the work. Some of the structures were fabricated in the PolyMUMPs (Multi-User MEMS Process) method, a foundry process using several polysilicon structural layers; • Three-beam actuator: An example and analysis of a microgripper with two hot arms were presented in [39, 40] . The microgripper design has improved performance for manipulation tasks; various enhancements were presented, such as tip sharpening [41] and duo-actuation regime [42] ; • Folded heater: A novel design that eliminates parasitic heating in the cold arm was proposed in [35] . The dielectric structural material (SU-8) allowed incorporation of the whole heater structure in one arm only, as illustrated in Figure 2a ; • Meander heater: In the work of [43] , a meander-shape metallic heater was embedded in the wide arm (hot arm) of the polymer microgripper. The increased total length of the heater in the meander shape is more efficient for heat generation; • Sandwiched structure: When the metal layer is deposited on one side of the polymeric structure, the heat can produce unwanted bimorph effect. The parasitic out-of-plane displacement was reduced by incorporating a metallic heater structure between two layers of SU-8 [43] ; • Inclined arms: In comparison with the straight actuator arm design in the previous example, a microgripper with oblique actuator arms provided larger displacements [44] . In [45, 46] , a modified U-shaped actuator with non-perpendicular joints was investigated. Inclined hot arms facilitate the in-plane movement and guide the deflection of the structure. Therefore, the output displacement of the actuator is increased. The optimal inclination angle was found to be 5°;
• Curved hot arm: A curved-arm actuator design was proposed in [47, 48] . The thermal expansion takes place in the curved arm (hot arm) which produces the in-plane displacement of the gripper tip.
A novel configuration of an actuator, named "skeletal" microgripper, was recently proposed [36, 49] . It also operates on the principle of non-uniform thermal expansion. The geometry is illustrated in Figure 2b . In the two symmetrical arms, the outer "cold" beam does not experience Joule heating. The following configurations of the arms have been reported:
• Different arm widths: The traditional U-shape actuator with different widths of the arms were used in the microgripper [4, 38] . As the structural material (SU-8) is non-conductive, an integrated metal heater structure was configured from a layer of metal deposited on the surface. The long extruded arms amplify the driving displacement effectively; • Different arm lengths: A polysilicon microgripper based on the different arm length principle was developed in [22] ; • Electro-thermo-compliant actuator: Embedded ETC actuation was demonstrated in microgrippers and a micromanipulator [23] . Other ETC structures, such as lateral motion blocks, translational expansion, and contraction blocks, were also presented in the work. Some of the structures were fabricated in the PolyMUMPs (Multi-User MEMS Process) method, a foundry process using several polysilicon structural layers; • Three-beam actuator: An example and analysis of a microgripper with two hot arms were presented in [39, 40] . The microgripper design has improved performance for manipulation tasks; various enhancements were presented, such as tip sharpening [41] and duo-actuation regime [42] ; • Folded heater: A novel design that eliminates parasitic heating in the cold arm was proposed in [35] . The dielectric structural material (SU-8) allowed incorporation of the whole heater structure in one arm only, as illustrated in Figure 2a ; • Meander heater: In the work of [43] , a meander-shape metallic heater was embedded in the wide arm (hot arm) of the polymer microgripper. The increased total length of the heater in the meander shape is more efficient for heat generation; • Sandwiched structure: When the metal layer is deposited on one side of the polymeric structure, the heat can produce unwanted bimorph effect. The parasitic out-of-plane displacement was reduced by incorporating a metallic heater structure between two layers of SU-8 [43] ; • Inclined arms: In comparison with the straight actuator arm design in the previous example, a microgripper with oblique actuator arms provided larger displacements [44] . In [45, 46] , a modified U-shaped actuator with non-perpendicular joints was investigated. Inclined hot arms facilitate the in-plane movement and guide the deflection of the structure. Therefore, the output displacement of the actuator is increased. The optimal inclination angle was found to be 5 • ; • Curved hot arm: A curved-arm actuator design was proposed in [47, 48] . The thermal expansion takes place in the curved arm (hot arm) which produces the in-plane displacement of the gripper tip. A novel configuration of an actuator, named "skeletal" microgripper, was recently proposed [36, 49] . It also operates on the principle of non-uniform thermal expansion. The geometry is illustrated in Figure 2b . In the two symmetrical arms, the outer "cold" beam does not experience Joule heating. Parts of the inner "hot" beams are heated by the supplied current, which is then guided to the common ground through the linked central beam. Thus, mechanically constrained motion of the hot arms creates an innovative gripping mechanism. The jaws open under such an angle that allows secure capturing of objects of only a certain size range.
Fragile micro-particles require application-specific methods of handling and careful control of the temperature and force applied to the objects. This must be followed with certain trade-offs in design and operation of such micromanipulation devices. Different aspects such as gripping force [50, 51] , particle release [52] , and the effective design parameters [53, 54] , were focused in the literature.
Single-cell manipulation for biological research imposes strict requirements on manipulation tools and environment. To preserve the viability of the cell, the gripping force, the operating temperature, and thermal impact on the object should be minimized. A few microgrippers from the examples above [4, 35, 49] were developed for bio-cell manipulation application. These structures were fabricated from the biocompatible SU-8 polymer. It is highly suitable for electrothermal actuation due to the large coefficient of thermal expansion. Microgrippers are reported to use low voltages (fractions of volts) and low actuation temperatures (<80 • C) which are sufficient to manipulate a single cell. They have a structure with long extruded arms; the temperature at the tips is therefore reduced to the level which is non-harmful to a living cell. It also reduces the electrolysis effect and bubble formation in a physiological solution.
Other recent applications of hot-and-cold-arm actuators include switching and latching mechanisms. An example of a bistable relay for power applications based on a U-shaped actuator was investigated in [26] . The different resistivities were achieved by metal coating on the cold arm. In radio frequency (RF) applications, compact MEMS switches possess advantages like high linearity, power efficiency, and better high-frequency characteristics, as compared to the other switches such as diodes and transistors [55] . A thermally-actuated switch matrix for an automated signal distribution for telecommunication network applications [37] is shown in Figure 2c . The folded polysilicon heaters are separated by an air gap below the suspended metal hot arms of each actuator. This enables electrical and thermal isolation between the arms. An RF switch for low power applications was designed in [55] , which employs a three-beam latching actuator. The driving actuator in the same device is realized using two three-beam actuators linked together with a tether. The advantage of the tethered geometry is the ability to eliminate the arcing motion in order to produce purely linear deflection.
Hot-and-cold-arm actuators were also employed in optical devices, such as the optical attenuator in [56] . It represents another example of tethered U-shaped actuators which enable linear movement of a shutter. The electrothermal actuation allows increased tunable range with lower voltages compared to the other actuation types. Optical MEMS devices which integrate the optical fiber with the chip, are compact, fast, and more reliable than the large optomechanical components.
Bi-Directional Actuators
Most of the structures described in the previous section are only capable of uni-directional actuation. But a bi-directional actuation mechanism was also investigated in the literature. It allows a larger displacement range, improved functionality, more flexibility, and more possible applications. Different actuation modes are realized by different electrical configurations of multiple arms. The principle is described well in [57] . For an electrothermal actuator with three arms, there are four possible configurations which induce lateral deflection due to thermal expansion. The arms have separate electrical connection; different bias voltages are applied. In one case, the conduction path lies across two adjacent arms only, a floating potential appears on the third arm. This is the case of "two-hot one-cold arm" actuator. The direction of actuation is defined by which pair of arms are actuated.
Alternatively, two arms can be electrically connected in parallel to each other and in series to the third arm. Therefore, the total current generates more heat in the third arm.
An RF MEMS switch application for ultra-broadband communication was implemented with a bi-directional actuator [58] , as shown in Figure 3 . The cascaded three-beam actuators can provide 3-state switching: "on", "off", and extra "deep off" state with improved isolation. Bi-directional actuators are employed in micro-and nano-manipulation applications. An example of a microgripper with possibility of bi-directional actuation was proposed in [59] . Another three-beam microgripper, described in the previous section [39] , was subsequently modified for bi-directional actuation [42] . In [60] , a three-beam microgripper capable of multi-mode actuation was implemented in metal (Au). This microgripper was used in the application for pick-and-place of silicon nanowires and nanotubes. It was shown that the three-hot-beam configuration is suitable for integration with sensing capability by utilizing piezoresistive effect in the beams. In the work of [61] , a conventional three-beam actuator was modified using a topology optimization technique. The new design provided significant increase in stiffness and output force, however, it required larger voltage and tip temperature to produce the same displacement. Micromechanical applications benefit from large output force and displacement of electrothermal actuators. A mechanism for multistable optical fiber switch was proposed in [24, 62] . To switch between several in-plane positions, a coupled U-shaped actuator was developed. The linked structure realizes bi-directional movement without angular deflection, switching between four positions and placing the fiber in the groove. Another coupled actuator was demonstrated in the micro-positioning platform for laser targets [63] . The so-called kinematic structure with several electrothermal actuators can perform a 2 degrees-of-freedom (DOF) multimode actuation. Such an electrothermally actuated positioner with better than 5 µm accuracy is an effective, low-cost solution in harsh environment of focused laser irradiation for material characterization experiments.
Out-Of-Plane Actuators
Hot-and-cold-arm actuators that provide out-of-plane deflection have been demonstrated in the literature. Unlike the bimorph out-of-plane actuators, these structures are made of homogeneous material, therefore, overcoming such disadvantages of bimorphs as shear stress between layers, delamination, and reduced lifetime.
The out-of-plane actuator was proposed in [64] . It consists of four parallel beams connected at the free end with a step, and can be fabricated in a single layer deposition process. Non-coplanar arrangement of the beams provides out-of-plane deflection; the step height is a critical design parameter. The actuator delivers bi-directional deflection by actuating either the inner or outer pair of beams. This structure can perform as a resonant actuator because of the significant increase in deflection near the resonant frequency. Another example of an out-of-plane actuator is given in Figure 4 . The hot and cold beams are configured in different layers one above the other. Different resistances due to different cross-sections of arms result in deflection towards the wide cold arm in the out-of-plane direction. Such actuators were used in MEMS micromirrors for endoscopic systems, based on the conventional SUMMiT V fabrication process [65] . the out-of-plane direction. Such actuators were used in MEMS micromirrors for endoscopic systems, based on the conventional SUMMiT V fabrication process [65] . 
Summary of Hot-And-Cold-Arm Actuators
Hot-and-cold-arm electrothermal actuators have been widely used in MEMS, particularly for micromanipulation, RF, optical systems, and micromechanical switching applications. The basic operating principle is the non-uniform heating in the structure; this part of the review has shown that different strategies can be involved in generating the asymmetric thermal effect. The advantage of the hot-and-cold-arm type is that the structures are made of homogeneous material and are relatively easy in fabrication. Vast design opportunities are available due to a variety of actuation methods and configurations, as well as the possibility of bi-directional actuation.
The disadvantages of this type are non-rectilinear motion, generally low output force which is in the order of µN. The parasitic heating effect in the cold arm can reduce the efficiency of the actuator. Localized high of temperature occurs in the hot arm, therefore, reliability is often associated with the thin beam structure. The adverse effects of back-bending and contact between the arms were reported. The unwanted bimorph deflection may be present in the structures composed of multiple material layers. Table 1 is a summary of the hot-and-cold-arm actuators and the applications. 
Chevron-Type Actuators
The Chevron actuator is another widely used type of in-plane electrothermal actuators. Typically the actuator has a V-shape design, therefore, it is sometimes referred to as "V-shape actuator" or "bent-beam actuator", but other shapes have also been presented recently. The actuation relies on the total amount of thermal expansion in the structure, not the differential expansion as it is the case in the hot-and-cold-arm actuator. The expansion is constrained to produce displacement in one linear direction.
Actuation Principle
Two equal slanted beams are connected in the apex at a certain angle, and anchored to the substrate at the other end, as shown in the schematic in Figure 5 . Several actuators can be connected in parallel to the central shuttle. The symmetrical actuation beams form a single conduction path; resistive heating induces thermal expansion. The inclination of the beams facilitates the in-plane movement, so the apex (or shuttle) is pushed in the forward direction. 
Chevron-Type Actuators
Actuation Principle
Two equal slanted beams are connected in the apex at a certain angle, and anchored to the substrate at the other end, as shown in the schematic in Figure 5 . Several actuators can be connected in parallel to the central shuttle. The symmetrical actuation beams form a single conduction path; resistive heating induces thermal expansion. The inclination of the beams facilitates the in-plane movement, so the apex (or shuttle) is pushed in the forward direction. A comprehensive deflection model of the V-shape actuator was reported in [67] . The movement of the expanding beam is constrained on the boundaries of the beams at the joints. The bending model in Figure 5 shows that both axial forces and bending moments are acting on the beams. This behavior can be described as a lateral buckling beam-column problem, and it is non-linear by nature. Additionally, the study has shown that the heat flux through the air to the substrate contributes significantly to the thermo-mechanical solution. The analytical model [67] for the V-shape actuator involves a transcendental function: A comprehensive deflection model of the V-shape actuator was reported in [67] . The movement of the expanding beam is constrained on the boundaries of the beams at the joints. The bending model in Figure 5 shows that both axial forces and bending moments are acting on the beams. This behavior can be described as a lateral buckling beam-column problem, and it is non-linear by nature. Additionally, the study has shown that the heat flux through the air to the substrate contributes significantly to the thermo-mechanical solution. The analytical model [67] for the V-shape actuator involves a transcendental function:
where
and k is an unknown eigenvalue, F is external load, T is average temperature rise of the beam, α is thermal expansion coefficient, L is half-length of the actuator beam, A is the cross-sectional area, θ is the tilt angle of the beam, E is modulus of elasticity, and I is the moment of inertia. The equations are solved numerically, and the determined eigenvalue k is used to calculate the tip displacement, δ, of the actuator given by:
The critical design parameters for chevron actuators are the beam length and the pre-bending angle (or offset). The displacement of the tip is proportional to the temperature increase and the beam length. Also, the displacement is inversely proportional to the beam width, but it is not related to the beam thickness. Larger displacement can be achieved with smaller inclination angles, however, there is a low critical limit for the angle below which the risk of out-of-plane buckling is high, or which might not be possible to fabricate because of insufficient process resolution. The stiffness of the actuator is influenced by the thickness. Alternatively, a large number of stacked parallel beams can also be used to increase the stiffness and the output force. However, the total number of beams is usually limited, because the performance is subjected to degradation when thermal expansion occurs in a relatively long shuttle, otherwise, the effect should be compensated by design modifications [68] .
Applications of Chevron Actuators
V-Shape Chevron Actuators
Certain advantages of the V-shape chevron actuator in comparison with the other actuator types have been discussed in [69] . This work compared the performances of three micro-tweezers of identical size and material, driven by U-shape, V-chevron, and the third expanding-beam type of actuators. The study concluded that at a given temperature, the V-chevron structure is capable of delivering the largest gripper opening. Evidently, the chevron-type electrothermal actuators have been studied for a wide range of applications.
The chevron actuator itself produces a limited amount of lateral displacement, which can be utilized in some MEMS applications such as simple micro-switches. For more specific applications, the displacement of the chevron is amplified and guided by a mechanical amplifier. The performance of the device relies strongly on both the actuator and the amplification mechanism, for instance, in the following examples:
• Linear motion amplification: The work in [70] presented a multi-purpose 2D positioner driven with two single V-shape chevrons along perpendicular axes. Displacement of the actuator was amplified with a compliant amplification mechanism, and the output was measured with a capacitive sensor. Thus, the actuation displacement of 5 µm was amplified with a factor of 3.37; • Lateral translation: In [71] , a stack of V-shape actuators was used to drive an arm of a microgripper, the moving arm is anchored in order to translate the axial driving displacement from a chevron to the lateral displacement of the jaws. This way a relatively large gripping force can be produced, but at a small gripping range; • Translation with high amplification: As one example, two stacks of chevron actuators are used to drive two gripper arms in [72] . The direction of actuation is translated to the gripping direction and amplified with the assisting flexures. The modeling work has shown that the microgripper could achieve a displacement amplification factor as large as 7.89.
In micromanipulation applications, it is common to use a single chevron actuator to transform the input displacement into a symmetrical movement of both arms of a microgripper. The forward movement of the shaft opens the gripper by rotation of the arms. Several studies demonstrated structures fabricated from nickel [69] , silicon [73] , polymer [74] , and also a normally-open microgripper structure [75] . Other examples can use complex compliant structures to operate the gripper arms. For instance, a systematic procedure for design and optimization of a compliant gripping mechanism involving a rigid-body model and stiffness matrix was developed in [76] . A different way of actuating microgripper arms is the sideway positioning of a chevron [77, 78] . The actuator shaft is directly pushing or pulling the jaws in the gripping direction.
Micromanipulation devices with V-shape chevron actuators have been successfully employed in a variety of applications, as illustrated in Figure 6 . In [71] , a microgripper was developed for pick-and-place of carbon nanotubes, which were about 100 nm in diameter. It is shown in Figure 6a that the gripper possesses a sufficiently large output force to detach a CNT (carbon nanotube) grown on a substrate and perform precise nanomanipulation. The CNT was attached to the tip of an atomic force microscopy probe, which then demonstrated improved sensitivity compared to a commercial atomic force microscopy (AFM).
Actuators 2019, 8, x 11 of 28 gripping mechanism involving a rigid-body model and stiffness matrix was developed in [76] . A different way of actuating microgripper arms is the sideway positioning of a chevron [77, 78] . The actuator shaft is directly pushing or pulling the jaws in the gripping direction. Micromanipulation devices with V-shape chevron actuators have been successfully employed in a variety of applications, as illustrated in Figure 6 . In [71] , a microgripper was developed for pickand-place of carbon nanotubes, which were about 100 nm in diameter. It is shown in Figure 6a that the gripper possesses a sufficiently large output force to detach a CNT (carbon nanotube) grown on a substrate and perform precise nanomanipulation. The CNT was attached to the tip of an atomic force microscopy probe, which then demonstrated improved sensitivity compared to a commercial atomic force microscopy (AFM). Micromanipulation of biological specimens was realized with chevron-actuated grippers. Lowvoltage polymer microgrippers with compliant structures were developed [76, 81] . The operation is illustrated in Figure 6b , where the gripper is used to manipulate a sample of a microscale blood vessel. A multipurpose gripper jaw was capable of grasping both a vessel and a single cell much smaller in size. In [82] , a silicon microgripper was used to demonstrate manipulation of a highly deformable type of bio-cell at nano-newton level of force control. Another example is a polymer microgripper for viable cell pick-and-place operation in [79] , shown in Figure 6c . The viability aspects were carefully investigated in the work, including the effects of temperature, voltage, and the speed of actuation cycle. An optimized handling procedure was developed, which ensured that the cell was not damaged during manipulation, as shown in Figure 6c .
Chevron actuators are also employed in instrumentation for material property testing. The system shown in Figure 6d was used for characterization of the tensile properties of a specimen (CNT) mounted between an actuator and a sensor [80] . The electrothermal actuator brings advantages of stability and high force, although several criteria must be considered especially in the nanoscale system, such as buckling, material microstructural change due to heating and excessive heat dissipation.
RF applications are demonstrated successfully using chevron actuators. The work in [83] presented a low-loss, low-power, bi-stable RF MEMS switch with a latching mechanism. The switch does not require a continuous voltage bias to maintain the "on" state; it employs two V-chevron Micromanipulation of biological specimens was realized with chevron-actuated grippers. Low-voltage polymer microgrippers with compliant structures were developed [76, 81] . The operation is illustrated in Figure 6b , where the gripper is used to manipulate a sample of a microscale blood vessel. A multipurpose gripper jaw was capable of grasping both a vessel and a single cell much smaller in size. In [82] , a silicon microgripper was used to demonstrate manipulation of a highly deformable type of bio-cell at nano-newton level of force control. Another example is a polymer microgripper for viable cell pick-and-place operation in [79] , shown in Figure 6c . The viability aspects were carefully investigated in the work, including the effects of temperature, voltage, and the speed of actuation cycle. An optimized handling procedure was developed, which ensured that the cell was not damaged during manipulation, as shown in Figure 6c .
RF applications are demonstrated successfully using chevron actuators. The work in [83] presented a low-loss, low-power, bi-stable RF MEMS switch with a latching mechanism. The switch does not require a continuous voltage bias to maintain the "on" state; it employs two V-chevron actuators to toggle the mechanism between the states. In [84] , an RF switch for low-GHz wireless applications was designed, which was intended to replace the PIN diodes in a patch antenna.
One more possible application of chevron actuators is the vibratory MEMS gyroscope designed recently in [85] . Electrothermal actuation, compared to electrostatic actuation traditionally used in such devices, was chosen because of the larger driving displacement achieved with significantly lower driving voltage. This work reported a substantially higher gain, and potentially higher sensitivity than the previously developed non-resonant gyroscopes. Operation in the region between the resonant frequencies makes the system much less prone to environmental or fabrication variations.
Cascaded Chevron Actuators
While parallel stacking of V-shape chevrons increases the output force, the cascaded arrangement can significantly increase the output displacement. In a cascaded structure, the primary units are anchored to the substrate, and the secondary unit is connected to the apices of the primary units. The schematic is shown in Figure 7a . The actuation current is applied either across the primary stages only [86] or across all beams [87] . In the latter case, the primary and secondary beams bear different current densities, thus, the difference in thermal effects needs to be considered carefully. Even if the secondary chevron does not bear current, it still provides good mechanical amplification. Therefore, the total displacement produced by a cascade design is much larger than by a single actuator. The drawback of a cascaded structure is an increased risk of out-of-plane buckling, which has to be prevented by limiting the operational temperature.
Actuators 2019, 8, x 12 of 28 actuators to toggle the mechanism between the states. In [84] , an RF switch for low-GHz wireless applications was designed, which was intended to replace the PIN diodes in a patch antenna. One more possible application of chevron actuators is the vibratory MEMS gyroscope designed recently in [85] . Electrothermal actuation, compared to electrostatic actuation traditionally used in such devices, was chosen because of the larger driving displacement achieved with significantly lower driving voltage. This work reported a substantially higher gain, and potentially higher sensitivity than the previously developed non-resonant gyroscopes. Operation in the region between the resonant frequencies makes the system much less prone to environmental or fabrication variations.
While parallel stacking of V-shape chevrons increases the output force, the cascaded arrangement can significantly increase the output displacement. In a cascaded structure, the primary units are anchored to the substrate, and the secondary unit is connected to the apices of the primary units. The schematic is shown in Figure 7a . The actuation current is applied either across the primary stages only [86] or across all beams [87] . In the latter case, the primary and secondary beams bear different current densities, thus, the difference in thermal effects needs to be considered carefully. Even if the secondary chevron does not bear current, it still provides good mechanical amplification. Therefore, the total displacement produced by a cascade design is much larger than by a single actuator. The drawback of a cascaded structure is an increased risk of out-of-plane buckling, which has to be prevented by limiting the operational temperature. Early examples of applications of the cascaded chevron actuators include rotary and rectilinear micro-engines [89] . In the rotary engine, the two orthogonal drives consist of cascaded V-chevrons. The sequences of on-off states are actuating each of the two drives, which produces rotational motion of the gear. Successful driving at 300 rpm was demonstrated, but much higher actuation speed may be possible. The rectilinear micro-engine, named 'inchworm' actuator, is based on a "split" cascade. In the moment of actuation a pair of opposed V-shape chevrons grips a central shank, forming a cascade, and pushes it forward in a step-by-step manner.
A microgripper utilizing cascaded V-chevron actuators was presented in [88] . Two-staged chevrons are used to push both gripper arms, as shown in Figure 7b . The actuation was demonstrated successfully, however, the polymer actuator was prone to overheating already at a low current of about 28 mA. Another example of a microgripper with cascaded actuator was reported in [90] . A stack of V-chevrons was used in both of the primary and secondary stage rather than a single chevron.
Other Chevron-Type Actuators
The conventional chevron actuators described above are based on V-shape slanted beams. However, novel shapes of chevron have been tested recently, such as the Z-shape and kink actuators, which have some advantageous characteristics. The Z-shape actuator was introduced in [91] . The Early examples of applications of the cascaded chevron actuators include rotary and rectilinear micro-engines [89] . In the rotary engine, the two orthogonal drives consist of cascaded V-chevrons. The sequences of on-off states are actuating each of the two drives, which produces rotational motion of the gear. Successful driving at 300 rpm was demonstrated, but much higher actuation speed may be possible. The rectilinear micro-engine, named 'inchworm' actuator, is based on a "split" cascade. In the moment of actuation a pair of opposed V-shape chevrons grips a central shank, forming a cascade, and pushes it forward in a step-by-step manner.
The conventional chevron actuators described above are based on V-shape slanted beams. However, novel shapes of chevron have been tested recently, such as the Z-shape and kink actuators, which have some advantageous characteristics. The Z-shape actuator was introduced in [91] . The operation principle is similar to that of the V-shape actuator, a schematic is shown in Figure 8a . The central shuttle is pushed forward as a result of thermal expansion. The Z-beam consists of two long parts (marked as L) and one short part (marked as l). By different combinations of the geometrical parameters, it is possible to obtain structures with a large range of stiffness, output force, and displacement range [92] . The analysis has shown that the Z-beams have considerably smaller stiffness than V-beams. While the V-chevron can produce large output force, the Z-chevron is capable of producing larger displacement at small beam dimensions. The Z-shape actuator was used in the concept design of microgrippers in [93] . Another application was a 2 degrees-of-freedom nanopositioner, presented in Figure 8d [94] , which was fabricated in a standard MetalMUMPs process with nickel as the structural material. Unlike the V-actuators that have very high mechanical stiffness in the reverse direction, a pair of Z-actuators can be connected back-to-back to realize bi-directional motion. operation principle is similar to that of the V-shape actuator, a schematic is shown in Figure 8a . The central shuttle is pushed forward as a result of thermal expansion. The Z-beam consists of two long parts (marked as L) and one short part (marked as l). By different combinations of the geometrical parameters, it is possible to obtain structures with a large range of stiffness, output force, and displacement range [92] . The analysis has shown that the Z-beams have considerably smaller stiffness than V-beams. While the V-chevron can produce large output force, the Z-chevron is capable of producing larger displacement at small beam dimensions. The Z-shape actuator was used in the concept design of microgrippers in [93] . Another application was a 2 degrees-of-freedom nanopositioner, presented in Figure 8d [94] , which was fabricated in a standard MetalMUMPs process with nickel as the structural material. Unlike the V-actuators that have very high mechanical stiffness in the reverse direction, a pair of Z-actuators can be connected back-to-back to realize bidirectional motion. The rectilinear Z-shape is easier to fabricate in small sizes since it is less prone to fabrication errors. Difficulties in the fabrication of V-shape chevrons might occur because some designs require very shallow pre-bending angles. The quality of fabrication depends on the resolution of the processes. Besides Z-shape, another design solution to prevent this problem is a kink actuator. The kink actuator consists of straight and slanted parts, as illustrated in Figure 8b [95] . The main thermal elongation occurs in the straight part, and the central kink guides deformation in the chosen direction. The critical design parameters of this actuator are arm length (AL), bent length (BL), and bending angle. Unlike the V-shape design, the kink-shape designs were reported to have constant stiffness for variable offsets. The kink actuators have higher amplification factors than the equivalent V-actuators, thus it has potential for applications that require a large output displacement.
Out-of-plane actuation is possible with chevron actuators [96, 97] . A schematic of such an actuator is given in Figure 8c . The structure has a pre-bending angle (offset) in the plane perpendicular to the substrate, which facilitates deflection in the vertical direction. In the micro-switch application presented in [98] , the switch is integrated with a signal line on the same chip. The parallel V-chevrons push the movable electrode on the central shaft towards the stationary electrodes on the substrate. The electrothermal switch is a good low-voltage alternative to the electrostatic switch.
Summary of Chevron Actuators
The electrothermal chevron actuator is a well-established type which has been proposed for many applications, such as micromanipulation, positioning, material testing, MEMS switches, and The rectilinear Z-shape is easier to fabricate in small sizes since it is less prone to fabrication errors. Difficulties in the fabrication of V-shape chevrons might occur because some designs require very shallow pre-bending angles. The quality of fabrication depends on the resolution of the processes. Besides Z-shape, another design solution to prevent this problem is a kink actuator. The kink actuator consists of straight and slanted parts, as illustrated in Figure 8b [95] . The main thermal elongation occurs in the straight part, and the central kink guides deformation in the chosen direction. The critical design parameters of this actuator are arm length (AL), bent length (BL), and bending angle. Unlike the V-shape design, the kink-shape designs were reported to have constant stiffness for variable offsets. The kink actuators have higher amplification factors than the equivalent V-actuators, thus it has potential for applications that require a large output displacement.
The electrothermal chevron actuator is a well-established type which has been proposed for many applications, such as micromanipulation, positioning, material testing, MEMS switches, and RF applications. In addition to the traditional V-shape design, alternative chevron based designs have emerged recently. The chevron actuators possess some distinct advantages over the hot-and-cold-arm actuators, such as rectilinear motion, no "cold" arm (no parasitic resistive heating respectively) and the possibility of stacked and cascaded structures [67] . The chevron designs can also produce a large output force (hundreds of µN and mN) and have lower driving voltages; a large displacement can also be achieved through amplification mechanisms. Novel chevron shapes allow increased design range for stiffness and bi-directional bending. One of the prominent drawbacks in the operation of chevron actuators is the out-of-plane buckling effect, which limits the actuation temperature range. Compared to the other electrothermal types, the chevron actuators usually have a large footprint, with narrow and long expanding beams, which might be a challenge in fabrication due to insufficient mask resolution and stiction problems. Some applications of chevron actuators discussed in this section are summarized in Table 2 . 
Bimorph-Type Actuators
The third conventional type of electrothermal actuators is the bimorph design. It consists of two or more layers of dissimilar materials and utilizes the difference in the coefficient of thermal expansion (CTE) for operation. The most commonly used bimorph actuator designs produce out-of-plane displacement because the different materials are deposited in layers on top of each other. Therefore the bimorph actuators are preferred in applications where in-plane actuators cannot be used. On the other hand, another range of applications can greatly benefit from the bimorph mechanisms as will be presented in Section 4.2.
Actuation Principle
The electrothermal actuators based on the bimorph effect have been widely studied for several decades, the detailed analysis was reported in the work of Timoshenko on bi-metal thermostats [99] . The deflection mechanism of a bimorph primarily depends on material properties (Young's moduli and mismatch of CTE), the thickness ratio of the dissimilar layers and the geometrical parameters of the beam. A schematic of a simple bimorph cantilever in the actuated state is shown in Figure 9 . A typical bimorph actuator consists of two layers: One material with high CTE and another material with low CTE. Upon actuation, the Joule heat will generate more expansion in the high-CTE layer and the induced strain will make the whole structure bend out-of-plane towards the low-CTE layer. Frequently, pre-bending of the beam occurs after release from the substrate because of the higher residual stress accumulated in the high-CTE layer during fabrication at elevated temperatures. Also, a separate heater structure can be embedded or attached. the beam. A schematic of a simple bimorph cantilever in the actuated state is shown in Figure 9 . A typical bimorph actuator consists of two layers: One material with high CTE and another material with low CTE. Upon actuation, the Joule heat will generate more expansion in the high-CTE layer and the induced strain will make the whole structure bend out-of-plane towards the low-CTE layer. Frequently, pre-bending of the beam occurs after release from the substrate because of the higher residual stress accumulated in the high-CTE layer during fabrication at elevated temperatures. Also, a separate heater structure can be embedded or attached. Thermo-electro-mechanical models describing the behavior of the bimorph are well established and used for MEMS design and modeling. An analytical model for tip deflection and output force of a bimorph cantilever was presented in [100] . A model for an n-morph actuator (with an arbitrary number of dissimilar layers) was developed in [101] . The effect of non-uniform temperature distribution was discussed in [102] . For a constrained cantilever, such as actuators with an attached micromirror, an analytical method combining the bimorph theory and the nodal displacement method was used in [103] . In the simple case of a two-layered cantilever, the expression for the curvature due to mismatch in thermal expansion is given by:
where ΔT is the change in temperature from the ambient value, α is coefficient of thermal expansion, b is width, t is thickness, and E is Young's modulus of each of two layers. The radius of curvature is therefore determined as:
and the deflection of the beam is expressed as:
where L is the length of the beam. The choice of materials for bimorph actuators is large. For the layer with a requirement for high CTE, the commonly used materials are metals and polymers. The low-CTE layer is usually made of a dielectric or semiconductor material. Recently, carbon materials were introduced in actuators; for example, graphene was reported to have a negative CTE value [104] . In other studies the efficient graphene/polymer and graphene oxide/polymer-based bimorph actuators have been investigated in [104] and [105] respectively. Also, structures with complex multi-stage actuation mechanisms have been shown, such as the segmented multi-morph actuators [106] .
Because of the planar deposition of structural layers, the conventional bimorph cantilevers are only capable of actuation perpendicular to the substrate. However, techniques to realize in-plane bimorph actuation have been reported. One such actuator called "vertical bimorph" was demonstrated in [107] . By angled electron-beam evaporation of aluminum, a thicker metal layer was Thermo-electro-mechanical models describing the behavior of the bimorph are well established and used for MEMS design and modeling. An analytical model for tip deflection and output force of a bimorph cantilever was presented in [100] . A model for an n-morph actuator (with an arbitrary number of dissimilar layers) was developed in [101] . The effect of non-uniform temperature distribution was discussed in [102] . For a constrained cantilever, such as actuators with an attached micromirror, an analytical method combining the bimorph theory and the nodal displacement method was used in [103] . In the simple case of a two-layered cantilever, the expression for the curvature due to mismatch in thermal expansion is given by:
where ∆T is the change in temperature from the ambient value, α is coefficient of thermal expansion, b is width, t is thickness, and E is Young's modulus of each of two layers. The radius of curvature is therefore determined as:
Because of the planar deposition of structural layers, the conventional bimorph cantilevers are only capable of actuation perpendicular to the substrate. However, techniques to realize in-plane bimorph actuation have been reported. One such actuator called "vertical bimorph" was demonstrated in [107] . By angled electron-beam evaporation of aluminum, a thicker metal layer was deposited on the sidewall rather than on top of a silicon cantilever. The unwanted metal on the silicon surface was removed by isotropic etching. This concept was proved with experimental measurements. Another lateral actuator was described in [108] . Interchanging layers of metal and silicon oxide in the beam cross-section create a mismatch in thermal expansion with regards to the other homogeneous part of the beam. The structure was fabricated with a standard post-CMOS micromachining process and successful actuation was demonstrated. Finally, it was demonstrated that a traditional bimorph can be also used to induce large in-plane displacement based on the multi-segmented design [109] . The actuators were connected to a rigid beam curve in opposite directions, hence compensating the total out-of-plane deflection and generating pure translational displacement.
Applications of Bimorph Actuators
Electrothermal bimorph actuators have been used in a vast range of MEMS. A number of design techniques and applications have been discussed in [15] , including various cascaded structures, RF tunable devices, and optical devices such as micromirrors and attenuators. In the present review, we focus on a few most typical applications of bimorph actuators.
One of the relevant application fields is micromanipulation. However, in-plane two-fingered microgrippers similar to the ones discussed in the previous sections are not feasible with the common bimorph design because of the out-of-plane actuation based on the planar microfabrication approach. Although an example of two-fingered bimorph microgripper was presented in [5] , the actuator was fabricated from silicon with a SiO 2 insulation layer and an aluminum layer on top. After fabrication, two fingers were assembled on top of each other and bonded. A novel microgripper with four contact fingers was introduced in [110] , as shown in Figure 10a . The device is monolithic and using four fingers to capture an object in the center and elevate it. In the open state, the fingers curl upwards. The 4-point contact method is more stable and reliable than the traditional 2-point grip method. The structure is composed of layers of doped silicon, SiO 2, and Au/Cr metallization. [110] ; (b) microcage [111] ; (c) micromirror [112] ; (d) varifocal micromirror [112] (e) scanning probe [113] .
A multi-finger microcage is a structure with several bimorph fingers placed in a radial configuration, which capture an object in the center when the cage is closed. Under actuation, the fingers are straightened to reach an object and the cage is closed to capture the object after the actuation of the fingers is removed. Examples of microcage were presented in [111, 114] , such as the one shown in Figure 10b . In all devices developed in these studies, a diamond-like carbon (DLC) layer was used. The high compressive residual stress makes the fingers curve after release, self-assembling into a normally-closed microcage. Bilayer metal/DLC and trilayer polymer/metal/DLC structures were tested. The results show that the structures with a polymer layer are more efficient and suitable for biological application. Another bimorph microcage was designed for underwater manipulation [115] . A trilayer structure was designed, where a platinum layer with low CTE was sandwiched between two high-CTE polymer (parylene) layers with different thicknesses. The device is suitable for operation in a liquid medium because of the insulating property of the polymer layers.
A wide application of bimorph actuators is in micromirror devices. Compared to other techniques of micromirror actuation (such as electrostatic, piezoelectric, and electromagnetic) the electrothermal bimorphs achieve large displacement and relatively high fill factor with low power consumption and simple fabrication process. Micromirror operation is achieved with two actuation modes: (i) tilt mode, when the mirror is rotated around the rotations axis; and (ii) piston mode, when the rotation axis shifts position vertically with respect to the mirror plane. The resulting micromirror motion can be in one mode or combined. The two-mode capability is useful for different applications. For instance, a tilting micromirror is required in scanning-mode applications: projection displays, optical switches, barcode readers, and biomedical imaging; while a piston micromirror is required in wave characteristics-related applications, such as tunable lasers, spectroscopy, and adaptive optics [116] .
A simple micromirror structure [117] with two sets of parallel bimorph actuators for 2D scanning was developed for endoscopic optical coherence tomography (OCT) applications, fabricated in a post-CMOS micromachining process. However, the rotation axis is positioned on the edge of the mirror plate, therefore a large lateral shift of the mirror during actuation and a non-fixed point of reflection are the disadvantages of such structures. A micromirror actuated at four points was developed in [118] . The proposed application is optical communication network switching. By selective bending of four actuators, this configuration can realize 3D movement of the mirror plate. Still, the free-end single bimorph actuators do not eliminate the lateral shift problem. To address this issue, 3-stage, cascaded bimorph actuators with very small lateral shift were implemented in a micromirror [119] . The device was demonstrated not only by tilting, but also with a large vertical displacement range. Later in [120, 121] , an efficient inverted-series-connected (ISC) bimorph structure was developed. The actuator is composed of double S-shape multi-morphs with inverted segments. It eliminates both the lateral shift and angular shift on the tip of an actuator, therefore, a pure piston motion can be implemented. Rotation can be realized with the mirror center point fixed in space. The bimorph was fabricated from Al and SiO 2 in a post-CMOS process, and a similar principle was also implemented in Cu/W in [122] . These materials provided a faster thermal response and higher robustness.
For some applications like endoscopic OCT (optical coherence tomography), the stringent size requirement for the micro-device is one of the key design factors. Micromirrors discussed previously have rectangular plates or rectilinear actuators with some unused chip space. A circular or elliptical light beam, as well as the shape of an endoscopic probe, defines the preference for a circular MEMS footprint. Such micromirrors with a circular plate and curved actuators were studied in [116, 123] . The maximized area efficiency with non-significant loss in actuation range is highly beneficial for the application. One more significant enhancement in the state-of-the-art micromirror devices is variable focus. An example of the recently developed micromirror structure is given in Figure 10c [112] , where the focal length can be adjusted with a wedged bimorph mirror plate in Figure 10d , which can change the curvature upon actuation. For optical scanning applications, it can greatly improve image resolution. The enhanced functionality is integrated into a single varifocal component which also increases the potential for a range of applications.
Other demanding applications of bimorph actuators are in various cantilever probes. The cantilever probe is a primary tool for atomic force microscopy (AFM) and scanning probe nanolithography (SPN). In AFM, the probe is actuated to vibrate close to its resonance in order to retrieve surface topology information from the force interaction between the probe and the sample in a non-contact mode.
Read-out is often performed with an embedded piezoresistive sensor. It is a powerful instrument for nanometer-scale resolution imaging. SPN is a technique for the fabrication of nano-scale features. Patterning is performed in different ways, such as mechanical scratching, local heating, and field emission [124] . Probes based on electrothermal bimorphs have been used for AFM [125] , SPN [124] , and combined functionality systems [113, 126] . For fast imaging of a large surface, an array setup is desirable. The electrothermal mechanism is beneficial for array actuation because it allows excitation of each probe at its individual frequency without interfering mechanically with other parts, unlike in piezoelectric actuation.
A single probe consisting of a large array was developed in [113] and is illustrated in Figure 10e . An integrated piezoresistor provides feedback and the AFM information is extracted from the phase shift between actuation and sensor response. The structures were fabricated from silicon and silicon oxide, with the doped regions for sensors and the aluminum layer for contacts and bimorph actuators. Electrothermally actuated probes have also been used in dip-pen nanolithography [127] . It is a technique of depositing chemical and biological material samples on a substrate. It offers nanometer resolution and flexibility of patterning. An array of 10 individually actuated bimorph probes was developed, which enhanced the throughput compared to the systems with a single probe, with demonstration of simultaneous generation of 10 different patterns.
Summary of Bimorph Actuators
Among all types of electrothermal actuators, the bimorph design has been exploited for the longest time. This section has shown that the bimorph actuators have been studied for the major fields of micromanipulation, optical devices, scanning probe microscopy, and nanolithography, as well as for tunable RF devices. The bimorph principle provides a wide range of design possibilities by means of different geometrical configurations, the use of multiple layers and their thickness ratios, large selection of materials and combinations. The post-fabrication residual stress must be taken into account and can be utilized for purpose (for self-assembly). However, non-homogeneous structures might experience shear stresses at the interface between the layers, which can decrease the lifetime of bimorph devices. The examples of bimorph actuators discussed in the section are listed in Table 3 . 
Unconventional Actuators
In the previous sections of this paper, three conventional principles of electrothermal actuation have been discussed. However, other types of electrothermal actuators that cannot be clearly classified into one of the three types have also been reported in the literature. They have certain advantages in operation to satisfy the requirements for specific applications. Nevertheless, such actuators utilize the fundamental principle of thermal expansion due to resistive heating. This section provides an overview of a few novel designs used for electrothermal actuation and their applications ( Figure 11 ) including expanding bars, silicon-polymer stack, tweezing deflection (microspring), and combined geometry-based actuators. 
Actuators Based on Expanding Bars
In such actuators, the operation relies on the thermal elongation of the actuation beams expanding in linear direction. The structure with horizontal bar actuators in a microgripper was discussed in [69, 131] . The straight horizontal beams are connected to the gripper arms by flexible hinges. When heat is generated in the beams, they push the arms and induce rotational opening of the jaws. It was shown that such an actuator could achieve the largest displacement at the same power compared to the hot-and-cold-arm and chevron actuators of equal dimensions. Another structure with the horizontal actuation beam is reported in [48, 128] , the microgripper is shown in Figure 11a . The heat is generated efficiently in the meander heater part, the thermal expansion induces jaw opening.
Silicon-Polymer Stacked Actuators
A novel actuator design based on laterally stacked silicon and polymer structures is shown in Figure 11b [129] . The actuator was fabricated using three materials. The silicon frame of serpentine shape possesses high thermal conductivity, while the polymer layer with high CTE is constrained between silicon plates. A metal layer is used as a micro-heater. The interface with silicon structure allows effective transfer of heat to the polymer during actuation. Large in-plane expansion of the whole stack was produced, benefitting from the properties of all materials. One challenge associated with fabrication is filling the deep narrow trenches in the structure with polymer. Modified coating and baking procedures were developed for this purpose. Four forward actuators were used in the design of 2D microgrippers [132, 133] , which are capable of gripping and rotating the object. In [129] , a lateral actuator was used in microgrippers, which exploited the principle of constrained expansion for sideway bending. Utilizing the same principle, stacks of silicon plates using polymer filling were used for a novel out-of-plane actuator in [134] .
Microspring Actuators
A novel electrothermal actuator named as 'microspring' actuator was developed in [130] . As illustrated in Figure 11c , the actuator consists of V-shape chevrons linked together in opposite directions and constrained by a linkage bar. Therefore, the sum of deflections of each expanding chevron results in a large total 'tweezing' displacement in the forward direction. The microspring configuration of chevrons increases output displacement, as opposed to the stacked configuration, which increases output force. It also requires a much smaller area on the chip than a single large chevron with equal displacement. Thus, it reduces buckling and sticking problems associated with the long chevron beams. The work in [135] developed a microgripper design based on the microspring actuators.
Actuators with Combined Geometry
In [136] , 2-DOF actuators were introduced in a microgripper with four DOF. A compliant mechanism with five flexure links is operated in several different modes that allow bi-directional, separate X-and Y-actuation for each arm. The device offers a greater dexterity in manipulation. The drawback of the actuator is the rapid overheating due to the excessive heat generated in the compliant sections which link the actuation beams. In [137] , a 'folded buckling mode' actuator was designed for optical attenuator application. It consists of arrays of parallel inclined hot arms coupled with a link beam and cold arms that provide mechanical constraint to the lateral movement. Thus the tethered structure could deliver translational motion and eliminate rotational motion of the tip. Two opposed actuators provided bi-directional movement and large output force and were used to demonstrate in-plane optical fiber alignment.
Finally, a combined actuation mechanism was demonstrated in a microgripper in [46] . The device exploits three actuators simultaneously and utilizes superposition of forces for large in-plane displacement. It includes two modified U-shape actuators with inclined arms that facilitate the opening deflection of the jaws. One four-arm V-shape actuator provides forward driving force. The hybrid structure has a cold arm and unequal hot arms. Such a V-shape actuator was also utilized in a MEMS switch which was designed specifically to provide large in-plane movement amplification for a reliable contact for signal switching [138] .
Summary of Actuators
The unconventional electrothermal actuators discussed in this section are summarized in Table 4 . 
Conclusions
This paper presented a review of the main principles and designs of electrothermal actuators as well as their typical applications in MEMS. The current state and some trends in the use of electrothermal actuators have been discussed. Three conventional electrothermal actuators based on hot-and-cold-arm, chevron, and bimorph designs respectively, have received a great interest over the past two decades. They can offer certain advantages over the other widely used MEMS actuators such as electrostatic and piezoelectric devices. Electrothermal actuators are preferred in applications that require simple fabrication and control techniques, low voltage operation, large output force, or compatibility with different environments. To facilitate the design and optimization work, the operation of such actuators is generally modeled as a coupled electro-thermo-mechanical problem, which can be solved by numerical simulation or analytically by means of heat transfer and deflection models.
The review outlined the evolution of electrothermal actuator designs of different types. For hot-and-hold-arm actuators, a number of advantageous modifications of the traditional actuators have been made to improve performance. It has been shown that differential thermal expansion is achieved by various geometrical (beams and heaters shape), electrical (selective doping, modified resistance), or topological (multi-mode or bi-directional operation) parameters. Hot-and-cold-arm actuators are compact, flexible in terms of design, and relatively easy in fabrication; however, they generally provide low output force. On the other hand, chevron actuators offer scalable output force and linear motion. Novel shapes of chevron actuators recently employed in MEMS are discussed, such as the Z-and kink-shape designs. It has been shown how these shapes can overcome the limitations associated with the conventional V-shape chevrons. Electrothermal bimorph actuators are discussed with a few typical applications. A large variety of material combinations, geometrical configurations including multimorph, segmented and in-plane designs, are discussed. Finally, some innovative methods of electrothermal actuation are also discussed. It is shown that the design capabilities are not limited to a standard principle, qualitative performance enhancements are possible. However, the aspect of reliability is a limiting factor for performance. For in-plane electrothermal actuators such factors are the high localization of heating and the out-of-plane deflection induced by parasitic bimorph effect or buckling due to the internal stress redistribution. For bimorph actuators reliability decreases due to the shear stress between dissimilar structural layers.
Hence, one of the main areas for future work in the field is in studies of reliability and the methods for improvement. Also, novel materials and cost-effective microfabrication methods would provide a significant opportunity for development. Electrothermal actuators are compatible with the standard IC and MEMS fabrication technologies, e.g., PolyMUMPs [23, 66, 95] , MetalMUMPs [46, 72, 94] , SUMMiT V [65, 83] , post-CMOS, SOI, and even fabrication of MEMS actuators directly on PCB [18] . Typical planar deposition techniques are used for microfabrication. At present, a wide variety of structural materials are available, new high-performance materials such as graphene, polymers, and composites are being tested in actuators. This allows actuation with low driving voltages and operating temperatures. It has been shown that the design of electrothermal actuators is a versatile field where requirements largely depend on the specific applications. As shown in this review, the electrothermal actuation methods have been studied for many potential applications such as micromanipulation, micro assembly, optical systems, biomedical applications, scanning probe microscopy, material testing, radio frequency MEMS, power applications and wireless communication networks. The combination of electrothermal actuation with compatible sensing mechanisms is a significant prospect for future research and new applications.
